Introduction
Matsuda introduced the use of arenediazonium salts in the coupling with alkenes in 1977, [1] expanding the versatility of the olefin arylation catalyzed by palladium described by Heck. Since that time, the Matsuda-Heck reaction (Scheme 1) has become an alternative in this type of couplings. [2] This coupling reaction can be performed using a palladium salt in the absence of any additive. Although, the use of ligands in the Matsuda-Heck (MH) reaction may help stabilize the species involved in the catalytic cycle. Indeed, carbene, macrocyclic olefin and thiourea derivatives have been described as capable ligands in the MH reaction. [2] [3] Thus, MH coupling reaction is interesting for comparing the ability during the catalysis of related catalytic systems. N-Heterocyclic carbenes (NHCs) have a wide variety of applications, including their use in homogeneous catalysis as ligands for transition metals, [4] but they have also been used in materials science, [5] organocatalysis, [6] and the development of drugs such as antibacterial, cytotoxic or antitumor drugs. [7] NHC are usually prepared from the corresponding azolium salts, being imidazolium derivatives the most employed. The presence of a basic transition metal precursor allows the formation in situ of the N-heterocyclic carbene starting from the corresponding imidazolium salt. [8] Moreover, the introduction of functional groups in the substituents of the adjacent nitrogens is useful since it can provide versatility to these type of systems. Among the functional groups, acid derivatives, such as amides, are of interest since they can help during the catalytic process acting as labile ligands. The ability of the carbamoyl group to aid during the catalytic process may be better than other related functional groups (i.e. carboxylic acids and esters). Transition metal complexes with monoamido [9] and diamido functionalized [10] NHC ligands have been described, being also evaluated their catalytic activity. Nevertheless, there is a lack of comparison with other related catalytic systems. The development of catalytic systems is of significance due to the importance of finding sustainable processes. As a result, we have reported the development of homogeneous [8g] and heterogeneous catalytic systems using imidazolium derivatives. [11] Our aim is exploring the ability of carbamoyl functionalized imidazolium salts during a catalytic process, such as the Matsuda-Heck reaction, and comparing it with other carboxy-derivatives. Our interest also dwells in preparing the imidazolium salts with amido substituents starting from the corresponding α-amino amides, which are readily available from the α-amino acids (Figure 1 ). 
Results and Discussion
Synthesis of functionalized imidazolium salts. According to our synthetic plan, we considered the preparation of α-amino amides as a key step in the approach to imidazolium salts functionalized with a carbamoyl group (Figure 1 ). First, we performed the protection of the amino group in glycine. Then, Nprotected glycine was coupled with aniline and phenylmethylamine using a well-established protocol giving compounds 1 with high yield (Scheme 2). [12] Then, deprotection of the amino group gave the corresponding α-amino amides 2. Different methods were tried for cleaving the tert-butoxycarbonyl group, such as HCl (4 M) solution in dioxane [13] or a mixture of TFA/H2O (95:5), [14] with partial achievement of the desired product. However, treatment of 1 with a mixture (50% v/v) of HCl (3 M, aq. solution) and methanol gave deprotection of the amino group quantitatively (Scheme 2). The procedure allowed the preparation of other amino amide derivatives from glycine [such as N-2-amino-(2-hydroxy-1,1-dimethylethyl) 
Scheme 2. Synthesis of amino amides 2, carbamoyl functionalized imidazoles 3 and the corresponding imidazolium chlorides 4.
Having the amino amides in hand, the most straightforward imidazole synthesis involves the formation of three bonds starting from a dicarbonyl compound, an aldehyde and ammonia to react together with the amino amide. [15] This procedure may present certain limitations due to the formation of a mixture of products, in particular when carrying out the reaction at high temperatures. Regrettably, the multicomponent reaction of formaldehyde, glyoxal, ammonium acetate and the amino amide 2a produced only, after 3 h of refluxing, the 1-phenylpyrazin-2-one from the coupling of 2a and glyoxal (see Supporting Information). Interestingly, we found that the formation of the desired imidazole derivative could be obtained exclusively by lowering the temperature. Indeed, imidazole derivatives 3 were isolated with excellent yields performing the reaction at room temperature, although longer times were needed (Scheme 2). The reaction with 2a, formaldehyde, glyoxal and ammonium acetate was carried out in methanol at room temperature for 48 h producing the expected imidazole with 90% yield (Scheme 2). The same procedure was applied to compound 2b giving quantitatively the imidazole 3b. Finally, the corresponding imidazolium salts 4 were prepared by reacting the compounds 3 with benzyl chloride, the salts 4 being isolated as solids upon recrystallization in moderate yields (Scheme 2).
Scheme 3. Synthesis of dicarbamoyl functionalized imidazolium chloride 5.
Next, it was considered of interest, as discussed above, the preparation of imidazolium salt 5 bearing two carbamoyl moieties. To carry out the preparation, two equivalents of amino amide 2b were reacted with glyoxal and formaldehyde in the presence of hydrochloric acid, the compound 5 being isolated in 47% yield (Scheme 3).
Scheme 4. Synthesis of carboxy functionalized imidazolium chlorides 6-8.
At this point, we found it interesting to include analogous monocarboxy and dicarboxy functionalized imidazolium salts in the study by way of comparison. Following this idea, both ester and carboxylic acid moieties were included for evaluation. The synthesis of the monocarboxy functionalized imidazolium chloride 6 was carried out by reaction between 1-methylimidazole and methyl chloroacetate followed by acidic cleavage of the ester moiety (Scheme 4). The imidazolium chloride 6 was isolated in 84% yield. Similar imidazole quaternization from 1-benzylimidazole allowed the preparation of imidazolium chloride 7 in quantitative yield (Scheme 4). Additionally, imidazole was subsequently reacted with benzyl 2-bromoacetate and benzyl chloride to obtain functionalized imidazolium salt 8 (Scheme 4).
Regarding difunctionalized imidazole derivative, the synthesis of the zwitterion 1,3-bis(carboxymethyl)imidazole (bcmim, 9) was performed by a multicomponent reaction between glycine and aqueous solutions of glyoxal and formaldehyde, isolating product 9 in 89% yield (Scheme 5). [11a] Subsequently, this zwitterion was transformed almost quantitatively into the corresponding imidazolium chloride 10 by acidic treatment (Scheme 5). Furthermore, imidazolium salts 11 bearing simultaneously both alkoxycarbonyl and carboxy moieties were easily prepared by reaction of zwitterion 9 with an alcohol in the presence of acetyl chloride (Scheme 5).
Catalytic activity.
The use of the NHC ligand in the Matsuda-Heck reaction, as discussed above, may help to stabilize the species involved in the catalytic cycle. Therefore, we studied the effect of mono and difunctionalized imidazolium salts as precursors of ligands for palladium in this reaction. The coupling of ethyl acrylate with a benzenediazonium salt was taken as model reaction to evaluate the different catalytic systems. The parameters in Table 1 were selected in order to study their influence in the catalytic process. The following considerations were taken into account. (1) Imidazolium salt: Different imidazolium salts were considered to study the influence of the amido and carboxyl groups, both monosubstituted and disubstituted, thus the imidazolium salts 4a, 5, 6 and 10 were chosen, at the outset, to cover the ligand diversity in this work. (2) Catalytic system: Based on previous studies in which differences were observed according to the catalytic system used, [8g,16] three levels were chosen, i.e. Pd(OAc)2 (1 mol-%), Pd(OAc)2 and imidazolium salt (1 mol-% each), and Pd(OAc)2 (1 mol-%) and imidazolium salt (2 mol-%). (3) Base: This parameter was included due to the presence of substituents in the imidazolium salts with acid-base properties, although the role of the base is still not clear in this transformation and in preliminary studies the influence of the base (i.e. NaOAc) appears to be detrimental. [16] (4) Benzenediazonium salt: Three salts were chosen in order to study the influence of the substituent in the substrate in terms of reactivity. For the comparative study, we conducted several experiments in order to obtain valuable information concerning the selected parameters employing a minimum set of assays. The yield obtained for the coupling product was correlated with the activity of the catalytic system. The greater the activity, the higher the yield. To carry out the different experiments, the various benzenediazonium salts were reacted with ethyl acrylate under the conditions described in Table 2 . The reactions were performed at 40 °C according to beforehand reported studies. [16] Although, formerly studies also showed that tetrahydrofuran (THF) and ethanol (EtOH), under certain reaction conditions, are good solvents, we considered different solvents before starting the comparative study (see Supporting Information). THF was selected to carry out the comparative study. Analyzing the results obtained, in general, there is enough dispersion (see Supporting Information) and the optimal conditions in each case could be dependent on various factors apart from the catalytic system. However, this analysis clearly revealed that the use of base was detrimental to the reaction (Table 2 and Supporting Information), resulting in low yields regardless of the remaining variables. We assumed that the experiments carried out in the presence of base are affecting the statistical analysis, not being able to see trends of the other factors. Therefore, the results were analyzed again excluding those performed in the presence of base, a trend for the different parameters being observed (Figure 2 ). The use of two equivalents of imidazolium salt with respect to palladium provided worse results (Figure 2a ), so it can be assumed that the most active catalytic species has only one NHC ligand coordinated to the metal centre. Thus, the use of an imidazolium salt, in the proper ratio to palladium, has a positive effect on the catalytic activity for the assayed reaction conditions (Table 2 ). With respect of the imidazolium salts, in general, the experiments carried out using monosubstituted systems (i.e. 4a and 6) provided better results in comparison with imidazolium salts bearing two functional groups, such as 5 and 10 (Figure 2b ). In addition, the analysis of the results according to the formed products gave rise to the predicted trend ( Figure 2c ). As expected, benzenediazonium salts bearing electron-donating groups gave worse results than those without substituent and with electron-withdrawing groups. A new set of experiments including other imidazolium salts (i.e. 4b, 7, 8, 11a and 11b) was carried out in order to complete the study, the results being presented in Table 3 . The analysis of the results from both sets of experiments demonstrated that the use of 1 equivalent of imidazolium salt improves the outcome of the reaction (Figure 3 ), giving probably a more active catalytic species. The use of higher amounts of imidazolium salt (2 equiv.) can be beneficial or not depending on other factors ( Figure 3 ). Essentially, we observed that imidazolium salt 4a bearing one amide functional group provided the best catalytic activity when comparing with the rest of imidazolium salts in this study (Figure 4 ). The substituent in the nitrogen of the amide is also a factor to consider, the anilide type in 4a being better. Regarding carboxy functionalized imidazolium salts, monosubstituted salt 6 provides a more active catalytic system than disubstituted one, albeit catalytic system based on salt 10 depends less on other factors giving lesser results dispersion (Figure 4 ). The study revealed also that the presence of an ester moiety in the imidazolium salt is not positive for the catalytic activity (Figure 4 , salts 7, 8, 11a and 11b). Table 3 . Catalytic activity of imidazolium salts 4b, 7, 8, 11a and 11b in the Matsuda-Heck reaction.
[a] Salt Ratio (Pd:Salt)
Yield (%) [b] 12 (R = H) 13 (R = OMe) 14 (R = COMe) Tables 2 and 3 with a Pd/imidazolium salt ratio of 1 to 1 as a function of the imidazolium salt.
Looking closely at the results using imidazolium salts with amide moieties, we found that there is almost no interaction between the amount of salt employed and the structure of the salt. Indeed, the lines run basically parallel in Figure 5 . [17] Thus, the catalytic species formed is similar regardless of the type of carbamoyl functionalized imidazolium salt, the salt 4a forming the best catalytic system in a 1:1 ratio with palladium. In contrast, imidazolium salts bearing carboxy moieties did not behave following the same pattern, and the catalytic system formed could be different depending on the amount of salt employed (see Supporting Information). Consequently, the use of carbamoyl functionalized imidazolium salts resulted in the formation of steady catalytic systems. The decrease in the activity when using higher amount of imidazolium salt could be explained by the formation of less active (or nonactive) palladium species in equilibrium with the active monocarbene (NHC-Pd) complex, as previously reported for other Nheterocyclic carbene ligands [18] and also for phosphane ligands.
[19]
Figure 5. Interaction graph between Pd/imidazolium salt ratio and carbamoyl substituted imidazolium salts: 4a (•), 4b (■) and 5 (×).
At this point, we carried out experimental UV/vis studies to evidence that the catalytic system, in solution, is formed by a 1:1 metal/ligand ratio when using salt 4a. Thus, the spectrophotometric tritation (see Supporting Information) of acetonitrile solution (2.5×10 -5 M) of ligand 4a with increasing amounts of an acetonitrile solution of Pd(OAc)2 (5×10 -5 M) confirmed the formation of a 1:1 metal/ligand complex. Representative spectra for the UV/vis studies are shown in Figure 6 (λ = 224 and 246 nm). [20] It may be postulated that the presence of the carbamoyl group assists in the stabilization of the active catalytic species needing only a carbene ligand per metal center, which is distinctly different from NHC systems functionalized with hydroxyl moieties in which a 1:2 ratio metal/ligand is necessary. [8g,16] Finally, the reaction using 'unactivated' alkenes, [2b] such as cyclohexene, with the catalytic system using the salt 4a was tested. The corresponding 1-arylcyclohexenes 15 and 16 were obtained as a single isomer employing the studied reaction conditions (Scheme 6). The use of cyclic olefins usually produces the formation of the Heck products with the aryl group in the allylic or homoallylic position. The arylation at the vinylic position has been achieved with longer reaction times (24 h) in order to allow the isomerization to the conjugated product, [21] or using N-heterocyclic carbenes. [16] In our case, the use of electron-donating groups (i.e. methoxy) in the arenediazonium salt provided a mixture of products (Supporting Information).
Conclusions
To conclude, the synthesis of both monoamido and diamido functionalized imidazolium salts have been easily prepared from α-amino amides by ring construction modulating the stoichiometry and reaction conditions. Moreover, the comparative study has proved that the carbamoyl group is performing better as additional labile ligand in N-heterocyclic carbenes in comparison with other carboxy substituents (such as carboxylic acids and esters). The catalytic system formed by a ratio 1:1 palladium/imidazolium salt gave the best results, employing monoamido substituted ligand precursors. In fact in solution, the formation of complex one-to-one has been evidenced by the UV/vis studies, as the preferred. Additionally, the use of carbamoyl functionalized imidazolium salts resulted in the formation of more regular catalytic systems, regardless to other factors. Furthermore, the catalytic system formed with palladium(II) acetate and salt 4a produced the arylation at the vinylic position of cyclohexene. Consequently, the catalytic system formed by 4a and palladium can be considered as a complementary alternative to the use of other ligands in this transformation. (See Supporting Information) 
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